Experience gained during efforts towards optimization of noble-metal-free electrocatalysts for oxygen reduction is simultaneously used to understand the chemical and morphological necessities for inducing efficient multi-electron transfer catalysis. The analysis of many preparative experimental steps between the moderately performing metal porphyrines and the highly efficient transition metal-and sulfur-containing pyrolised catalyst material contributes to the following model of the catalyst: The metals function enclosed in nitrogen or graphitic environment where they are shielded against irreversible oxidation. The metals can be exchanged but are not identical in their efficiency. Higher efficiency is achieved, when the function of a binary reaction center is warranted. The carbonization of the environment is critical and provides intercalated metal centers and attached metal complexes in graphite environment for interaction with the nitrogen-chelated partner center in the simultaneously obtained graphene layers. Three alternatives for the binary catalytic center are presented and their relevance discussed on the basis of EXAFS, RAMAN, EPR, Mössbauer and X-ray spectroscopy. A parallel is drawn with the cytochrome oxidase oxygen reduction catalysis, which is proposed to proceed according to roughly the same mechanism.
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Raman spectroscopy. -Raman spectra were measured using a LabRam spectrometer by JobinYvon at room temperature. For excitation 632 nm red line of He/Ne laser was used. Samples have been pressed in KBr pellet. By means of microscope (Olympus BX), the surface of sample has been focussed. In order to separate Raman and Rayleigh scattering, notch filter and monochromator have been used. Finally, a CCD camera has detected the Raman bands. The Raman spectra have been unfolded by Gauss and/or Lorentz procedure. The obtained characteristic Raman peaks for carbon blacks have been interpreted and analysed by using the work of Tuinstra and König. [22] Electron paramagnetic resonance spectroscopy. -Measurements of electron paramagnetic resonance (EPR) were performed at a temperature of 5 K using a BRUKER ELEXSYS 580 spectrometer which operated at X-band frequencies (~ 9.5 GHz) in the continuous-wave mode. Spectra were recorded with a modulation amplitude of 5G, a modulation frequency of 100 kHz and a microwave power of ~ 1 mW in a range of 100 to 7900 G.
Extended x-ray absorption fine structure spectroscopy. -EXAFS measurements were carried out at BESSY II (Berlin) at beamline KMC-2 using a double crystal monochromator. Experiments were performed with powder samples at room temperature in a geometry allowing for parallel measurements of transmission and fluorescence signals. Data was recorded at the K-edges of cobalt and iron, respectively. For analysis fitting of the spectra with theoretical reference data obtained by the ab-initio multiple scattering algorithm FEFF was performed [23] . The theoretical standards used for the fitting of the first (nitrogen) coordination shell were the structural parameters of 5,10,15,20,-8 observed above 600 °C which is correlated to the reduction of iron oxides to elemental iron by carbon. The remaining iron particles are removed by treatment in hydrochloric acid so that a highly porous carbon material is obtained.
The sulfur suppresses the catalytic formation of graphite which usually proceedes in this temperature range. This effect is also known from steel industry [24] . The sulfur is fourfold coordinated to iron which blocks the formation of Fe 3 C, which decomposes to metallic iron and graphite at lower temperatures.
Temperatures exceeding 900 °C finally lead to the loss of the catalytic activity. Since no mass release is observed within this step, we have to conclude that a molecular reconstruction of the material is responsible for this effect.
Tafel-plots of catalytic currents related to the metal content are shown in fig. 2 and illustrate what catalytic quality could be reached as compared to pyrolised metal porphyrin and to an industrial Pt standard. A remarkable fact is that, compared to platinum catalysts the catalytic oxygen reduction current at 0.7 V can be one order of magnitude higher. A comparison of catalyst behavior at 0.7V is justified for rotating disc electrodes, because fuel cell catalysts are typically operated at this potential and diffusion errors are comparatively small. However, compared to the Pt reference the loading with catalytic centers in the range of 3-4 % Co-Fe appears to be too low and for some unknown reason it cannot simply be increased by providing a higher metal addition.
For a better control of the synthesis of catalytic centers it is necessary to understand their chemical nature. This may show the way for improved synthetic pathways. Fig. 3a shows a high resolution TEM picture of the catalyst material (Co/Fe/S) and for comparison a standard Pt-catalyst on carbon support ( fig. 3b) . In contrast to platinum, no metal components are detectable. This is also confirmed by EXAFS studies, where no crystalline phases could be detected in the acid leached catalytic material, measured at the K-edges of cobalt and iron. The conclusion must be that the studied non-noble transition metal catalysts have a molecular structure.
To reveal its structure a summary is given in fig. 4 of the components identified by different analytical techniques. XRD and Raman measurements reveal a graphene-graphite network of carbon. EXAFS studies indicate that the identified embedded metal centers have a nitrogen environment (a pyridinic structure was selected for simplicity and not a pyrrolic, which was equally detected in the graphene structure). This means that the metal porphyrin core structure is essentially preserved at pyrolysis temperatures of 750 °C. EXAFS studies confirm furthermore that sulfur is not bound to the metal centers. Information on nitrogen, oxygen and sulfur bonding has also been optained by XPS (not shown). It can be concluded that also here the bonding can be related to the nitrogen-metal structure of porphyrins. Beside this quinone, oxide, amino and carboxyl groups have been detected. Reliable information concerning the oxidation state of our metals could not be obtained because of the low metal content.
Altogether, Raman measurements reveal distorted graphene layers.
The question now arises, how such graphene-based structures can get involved in multielectron transfer, which is evidenced by the high positive potential (0.7 -0.8 V) at which oxygen reduction is still proceeding as well as by the comparatively low contribution of H 2 O 2 formation (<10 %).
[25] However, it has to be emphasized, that a fraction of the catalytic centers is not involved in a 4-electron transfer to water, but in a 2-electron transfer to hydrogen peroxide. This means that two parallel oxygen reduction pathways are present.
It is known from literature that porphyrin-type MN x metal (M) centers do not engage in 4-electron multielectron transfer since they generate a lot of hydrogen peroxide. The same is known from quinone-modified glassy carbon. In both cases hydrogen peroxide is the product.
From many electrochemical studies and also from biology, it is known that transition-metal dstates must be involved to provide favorable coordination complexes to accommodate several electrons (or positive) charges. Individual centers such as FeN x or CoN x cannot do that when interacting with oxygen, in contrast to noble metals like Pt, Ru, Rh, which can engage in peroxo-type of complexes. However, the availability of electronic charge carriers on d-states is not a sufficient condition for oxygen reduction. They must also be engaged in a favorable activation complex liberating oxygen.
Ruthenium particles, being of metallic nature provide large numbers of electrons for reaction.
But this property is not sufficient for efficient oxygen reduction catalysis. Availability of electrons is a necessary, but nut sufficient condition for multi-electron transfer catalysis.
Oxygen reduction on metallic Ru nano particles only becomes favorable when Se is present on the interface, facilitating in turn a suitable complex for oxygen reduction.
A model to explain the observed mechanism of multi-electron transfer must therefore be searched for in the special nano-structure of the graphite-graphene environment of the FeN x /CoN x centers. The graphene environment itself, which would be able to supply the necessary charges, can not do this in a catalytically favorable way. It is still present at 950°C, a temperature, at which catalytic activity has broken down [26] .
But in preceding work it was shown that increasing nano-structuring of the Fe/Cographene/graphite structure improved catalytic activity over-proportional by improving the electrochemically accessible surface area. [17] As demonstrated in [22] Raman studies can provide additional information on the molecular structure of graphene layer.
The Raman spectrum of the reference material "Canadian flake" (shown in Fig. 6a ) reveals a pronounced peak at 1581 cm -1 (the so called G-peak) and a less intensive peak at 1336 cm -1 .
The G-peak is caused by the C-C vibrations of the planar graphene layer, while the D-peak is correlated to the edges of the graphene layer. The intensity ratio of these two peaks gives information about the planar extension of the graphene layer which is calculated by the formula:
Thereby the "Canadian flake" reveals graphene layers with planar extension of 16 nm.
In contrast to these well-defined and extended graphene layers of the "Canadian flake", the Raman spectrum of Carbon Black is changed. Fig. 6b presents the Raman spectrum of our Co/Fe/S catalyst.
In contrast to the "Canadian flake" pattern, the ratio of the intensities I G /I D is changed so that the planar extension of the graphene layers is reduced to 4.4 nm. Beside these two peaks additional peaks have been detected, which have been correlated to sp 2 -hybridized carbon which is not located in the graphene layer (at ca. 1200 cm -1 ) and integrated five-carbon rings in the graphene layer (at ca. 1500 cm -1 ). Probably, the five-carbon rings cause distortions in the graphene layer so that the planar extension is restricted. The distortion is apparently due to the incorporated centers and to the characteristic border regions (compare fig. 4 ).
A corresponding structural scheme of the graphene layers is shown in fig 6c. We are consequently dealing with stacks of distorted graphene layers having a typical dimension of 4.7 nm to 3.6 nm for pyrolysed CoTMPP (depending on the pyrolysis stage), for Co/Fe/S pyrolysed at 750 °C the dimension is 4.3 nm.
[25] This is in agreement with XRD data.
This determination of the approximate graphite-graphene structure now allows us to narrow down the possible structural alternatives for explaining the multi-electron transfer observed.
The simplified model systems discussed in fig. 7a ) to 7c) only consider pyridinic nitrogen for simplicity and because it can be fitted into a graphene layer more easily, even though XPS measurements have shown that pyridinic and pyrrolic nitrogen are coexisting in the catalysts.
Nano-graphite can be intercalated with metal salts as indicated in fig. 7a . It is known that intercalation of nano-graphite does not yield the phenomenon of staging [27] , which was The question with such a peripherically attached metal complex is whether it can be stable against irreversible oxidation with oxygen. Only very stable complexes may have the ability to maintain a reasonable stability of an oxygen reduction catalyst.
While all three proposed candidates for multi-electron transfer catalysis appear to be theoretically possible we suppose later that the first one ( fig. 7a) is the most probable. The main argument is that the bi-metal centers are quite well protected against irreversible oxidation because one metal site is stabilized by the pyridinic (pyrrolic) environment and the second by the graphitic environment on its intercalation position. Molecular oxygen is not expected to convert the bi-metallic center irreversibly to metal oxide. However the electron exchange with this center should be possible. A second argument might be that this bimetallic center very much resembles the biological Fe-Cu center of cytochrome oxidase in living organisms, which reduces oxygen to water. Due to metallically conducting graphene layers, positioning of 4 positive charges within the bi-metallic center ( fig. 7a) is not a problem, since negative counter charges can be displaced and compensated by interfacial electrochemical polarisation.
Several analytical tools were employed to verify the nature of the supposed catalytical center. (not shown). The introduced sulfur was not found to interact with the catalytic center. For non etched samples EXAFS studies also showed crystallized nanoparticles of transition metal sulfides. These species can easily be removed by an acid-treatment without decreasing the catalytic activity. EXAFS analysis thus helped to narrow down possible candidates for catalytic centers and to show that the catalyst has a molecular and not a nano-particle structure (as also evident from TEM studies fig.3 ). However, EXAFS information could not give a direct answer with respect to the question of a bi-metallic center as for the diluted catalyst samples it is not sensitive enough to prove neighbors with distances approx. > 4 Å. EXAFS data are therefore not in contradiction with such a bi-metallic model but also cannot provide a direct proof for a bimetallic center. But there is, as already mentioned, an indirect EXAFS evidence for a binary catalytic center. A second catalytic factor must be generated in a limited higher temperature region, which assists the nitrogen coordinated Co centers in their catalytic activity.
Mössbauer spectroscopy is a very sensitive tool for monitoring the environment of an iron center. Fig. 10b shows the Mössbauer spectrum obtained with the FeTMPPCl porphyrin. An anisotropic doublet is obtained, which is reasonably well understood and has been explained by spin-spin relaxation effects with iron present as a high-spin complex [34] . An additional chemical-structural factor has to be activated above 700 °C. XPS (data not shown in this work) was helpful in confirming the nature of nitrogen in the catalytic centers, but turned out to be too insensitive for reliable measurements of metal concentrations in catalysts after treatment with acid for high performance. Mössbauer Spectroscopy of Co/Fe/S shows next to Doublet 1 two more doublets in contrast to the asymmetric doublet related to iron porphyrins, but the determined structure is similar to other porphyrin based heat treated catalysts [9] , and materials with a MN x structure [30] . Theoretical research and model experiments will be required to find out more about the nature of these centers. EPR data visualizes the paramagnetic resonance of the nitrogen coordinated catalytic centers.
All the experimental data are in agreement, or at least not in contradiction with the concept of a bi-metallic catalyst as proposed in fig. 7a -c.
When the catalytic model of fig. 7b is discarded because of oxygen binding complications and because of high H 2 O 2 yield expectations from individual quinone-hydroquinone centers, the two alternatives, fig. 7a and 7c, remain. They involve 2-metal centers each. However, their catalytic mechanism is drastically different. In the first case ( fig. 7a) we are, for example, dealing with a cooperative reaction between an iron center in N 4 environment and an intercalated Cu-ion as indicated in fig. 12a . The position of intercalated Cu is likely to be distributed statistically within the nano-graphitic environment, but there is a probability that Cu centers will be available near the FeN x centers. For comparison, the oxygen-reducing FeCu center of the cytochrom oxidase is shown in fig. 12c . It is nearly identical. The iron is Transition metal (Co), carbon and nitrogen containing catalysts produced by sputtering by Yang et al [16] produced hydrogen peroxide with 60-80% yield, indicating that multi-electron transfer is not working. The catalysts discussed here generated hydrogen peroxide with less than 10%, indicating that most catalytic centers have multi-electron transfer properties. principle also work attached to metal surfaces. In such an environment they are, however, known to react via the hydrogen peroxide path, which is not desirable.
On the basis of our hypothesis on multi-electron transfer [19] [20] it is expected that also in the catalyst of Dodelet's group at least two centers, including FeN 4 , are involved. The limiting process requiring material consumption at high temperature appears to be the FeN 4 centers synthesized from carbon and NH 3 while additional centers from carbonized Fe-oxalate on carbon black were already present. During the preparation, by the authors, of this paper, on the other hand, FeN 4 or CoN 4 centers were readily introduced into the catalyst but nanographite-graphene for hosting the second center (intercalated or peripherically attached as a metal complex) has, with our catalysts, to be produced at elevated temperature, which is required for obtaining an efficient catalyst.
However, Dodelet's group reported a linear increase of catalytic activity with the iron content [36] . This is an intriguing and very interesting result, which might be explained with our postulated model in fig 7b. In this case the increased amount of metal would linearly affect the current density.
The over all discussion shows that further approaches are necessary to better understand these catalysts based on abundant transition metals theoretically. 
